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PCR-DGGEThis study describes the use of a nested PCR-denaturing gradient gel electrophoresis (DGGE) approach and
scanning electron microscopy (SEM) to monitor the microbial diversity and distribution involved in spontane-
ous box fermentation of cocoa beans in Brazil. The nearly complete 16S rRNA and 18S rRNA genes were ampli-
ﬁed using universal primers, and the resulting products were subsequently used as a template in a nested PCR
to obtain suitable fragments for DGGE. Only two bands corresponding to the yeast species Saccharomyces
cerevisiae and Hanseniaspora sp. were detected throughout the fermentation process. Sequencing of puriﬁed
16S rDNA amplicons indicated Lactobacillus plantarum, Lactobacillus fermentum and Acetobacter sp. to be the
major bacterial groups during the fermentation course. Other partial 16S rDNA sequences corresponded to
close relatives of Lactobacillus sp., Bacillus sp., Bacillus licheniformis, Bacillus ﬁrmus, Frateuria aurantia, Tatumella
ptyseos, Xanthomonas sp. and an uncultured bacterium. SEM showed a well-deﬁned microbial succession that
was initially dominated by lemon-shaped yeast cells growing in close association with Lactobacillus (long and
curved), and subsequently surpassed by short bacilli-shaped cells. This is the ﬁrst report of SEM being used
for following the microbial distribution during cocoa fermentation. Therefore, the nested PCR-DGGE and SEM
techniques seem to offer a relatively fast and reliable method in monitoring microbial diversity and distribution
during cocoa fermentation, providing real-time information and theory basis for the development of the starter.
© 2013 Elsevier Ltd. All rights reserved.1. Introduction
The ﬁrst stage of chocolate production consists of a natural, seven-day
microbial fermentation of the pectinaceous pulp surrounding the beans
of the Theobroma cacao tree (Schwan & Wheals, 2004). The cocoa fer-
mentation processes involve the activity of a wide range of microorgan-
isms such as yeasts, lactic acid bacteria (LAB), acetic acid bacteria
(AAB), spore forming bacteria and molds, during which high tempera-
tures of up to 50 °C and microbial products (e.g. ethanol, lactic acid and
acetic acid) cause the death of the seed embryo leading to the formation
of precursor compounds of the cocoa ﬂavor (Lima, Almeida, Rob Nout, &
Zwietering, 2011; Nielsen et al., 2007; Schwan &Wheals, 2004).
In the production of spontaneously fermented cash crops such as
cocoa, understanding the complex interplay between different groups
of microorganisms is of major importance to control the process and
its impact on product quality. Within the last decade, the technologies
to study mixed fermentations have developed extensively including
the application of advanced microscopic and molecular techniquesUniversidade Federal de Lavras,
x: +55 35 38291100.
e Melo Pereira),
wan@dbi.uﬂa.br (R.F. Schwan).
rights reserved.(Giraffa & Neviani, 2001). Molecular culture-independent approaches,
e.g. DGGE, have been introduced as powerful tools for investigating
the microbial ecology of complex fermentations (Giraffa, 2004). Direct
microscopic observation (as via SEM) is a potentially useful and simple
approach for obtaining information concerning themicrobial growth on
solid substrates (Kim, Morita, Lee, & Moon, 2003; Magalhães, Pereira,
Nicolau, et al., 2010). Future prospects will be to combine all these
new techniques, thereby allowing us to understand both the physiolog-
ical and molecular changes taking place in the matrix of the fermented
product at both the population and the single cell levels.
The objectives of this study were to determine the microbial di-
versity involved in spontaneous box fermentation of cocoa beans in
Brazil by a nested PCR-DGGE approach and examine the microbial
distribution through the fermentation process via SEM.
2. Materials and methods
2.1. Fermentation experiments and sampling
The experiment was conducted at a cocoa farm located in the city
of Itajuípe, Bahia State, Brazil. Fullymature cocoa pods ofmixed-hybrids
were harvested and broken open with unwashed machetes; seeds plus
their surrounding pulp were scooped out manually and immediately
Table 1
Phylogenetic afﬁliation of DGGE bands in Fig. 1.
Bands Species GenBank accession no. % identitya
a1–a7 Lactobacillus plantarum KC999860 100
b1–b4 Lactobacillus fermentum KC999861 100
c1–c5 Acetobacter sp. KC999862 98
d1–d4 Bacillus licheniformis KC999863 100
e1 Bacillus ﬁrmus KC999864 98
f1 Frateuria aurantia KC999865 99
g1 Bacillus sp. KC999866 99
h1 Tatumella ptyseos KC999867 99
i1 Xanthomonas sp. KC999868 98
j1–j2 Uncultured bacterium KC999869 99
k1 Uncultured bacterium KC999870 100
l1 Uncultured bacterium KC999871 100
m1 Lactobacillus sp. KC999872 97
x1–x7 Saccharomyces cerevisiae KC999873 99
z1–z8 Hanseniaspora sp. KC999874 98
a The BLAST search was based on sequences of type and cultured strains at GenBank
(National Center for Biotechnology Information).
Fig. 1. DGGE proﬁles of microbial communities from spontaneous box fermentation of
cocoa beans in Brazil. (a) 16S rDNA V6–V8 regions of the bacterial community. (b) 18S
rDNA region of the fungal community. The results of the DNA sequence analyses of the
bands are summarized in Table 1.
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a 1 m3 wooden box capable of holding 600 kg of cocoa beans. The
wooden box contained holes at the bottom to allow drainage of liquid
generated during fermentation and was covered with fresh banana
leaves to ensure adequate insulation. Natural fermentation proceeded
at ambient temperature for 6 days (ranging from an average minimum
temperature of 22 °C (night-time) to a maximum of 33 °C (day-time))
andwas turned every 24 h. Every 12 h during the fermentation process,
200 g of each sample was collected randomly, placed in sterile bags and
transferred to the laboratory.
2.2. Total-community DNA isolation
Cocoa beans and pulpwere physically separated by adding 100 mL of
sterile distilledwater to 100 g of beans and adherent pulp in a plastic bag.
The beans were homogenized in a Stomacher at normal speed for 5 min,
and the pulp fraction was recovered via decantation. The pulp fraction
(40 mL) was lyophilized and freeze-dried cocoa pulp was ground thor-
oughly with a sterile pestle. Freeze-dried pulp (30 mg) was mixture ho-
mogenized twice in 1.5 mL of phosphate-buffer. The combined ﬂuids
were mixed for an additional 10 min and were then centrifuged to re-
move large particles at 100 ×g for 10 min at 4 °C. The supernatant was
then centrifuged at 8000 ×g for 20 min at 4 °C to pellet the bacterial
cells, which were subsequently frozen at −20 °C for at least 1 h. This
procedure was performed twice. The bacterial and yeast cells were
lysed using the method described by Pereira, Miguel, Ramos, and
Schwan (2012). After lysis, supernatant DNA was puriﬁed in accordance
with the instructions in step 4 (bacterial procedure) which are described
in “Protocol: DNA Puriﬁcation from Tissues” (QIAamp DNA Mini Kit,
Qiagen). The resulting samples were stored at−20 °C for further use.
2.3. Nested PCR-DGGE strategy
To increase sensitivity, and to facilitate DGGE by analyzing frag-
ments of the same length, a two-step nested PCR techniquewasutilized.
The primers 27F and 1512R were used in order to amplify the nearly
complete 16S rRNA-encoding gene in the ﬁrst ampliﬁcation step,
which was performed under conventional PCR conditions (Magalhães,
Pereira, Dias, & Schwan, 2010). The product of this ﬁrst PCR reaction
was used as a template for a nested PCR reaction that ampliﬁed the
V6–V8 regions of the bacterial 16S rRNA gene, using the 968f and
1401r set of primers described by Zoetendal, Akkermans, and de Vos
(1998); this generated a DNA fragment suitable for DGGE analysis.
The 968f primer had a GC clamp sequence at the 5′ end. Analysis of
fungal diversity was performed by PCR ampliﬁcation of the nearly com-
plete 18S rRNA gene using the universal NS1 and FR1 primer pair
(Vainio & Hantula, 2000), followed by nested PCR using the NS3 and
YM951r DGGE primers (Haruta et al., 2006). PCR reactions were
performed in a Mastercycler (Eppendorf, Hamburg, Germany). The
PCR products were analyzed by DGGE using a Bio Rad DCode universal
mutation detection system (Bio Rad, Richmond, CA, USA). The PCR
products of the second step were separated via electrophoresis in 8%
(w/v) polyacrylamide gels in running buffer containing 1× TAE
(20 mM Tris, 10 mM acetate and 0.5 mM EDTA at pH 8.0). Optimal sep-
arationwas achievedwith a 30 to 55% and 12 to 60%urea–formamide de-
naturing gradient for bacteria and yeast, respectively [100% corresponded
to 7 M urea and 40% (v/v) formamide].
2.4. Identiﬁcation and analysis of DGGE fragments
DGGE bands of interest were excised from the gel with a sterile
scalpel, disrupted in 60 μL of sterile Milli-Q water, and left overnight
at 4 °C to allow the DNA to diffuse out of the gel. A total of 10 μL of
eluted DNA from each DGGE band were subject to re-ampliﬁcation
reactions using appropriate primers and the conditions described
above. The sequencing products were puriﬁed with a QIAquick PCRpuriﬁcation kit (Qiagen) and sequenced in an automated DNA sequencer
(Applied Biosystems, Foster City, CA, USA). GenBank searches (http://
www.ncbi.nlm.nih.gov/BLAST/) were performed to determine the clos-
est known relatives of the partial ribosomal DNA sequences obtained.
The nucleotide sequences of representative DGGE bands were deposited
in the GenBank database under accession numbers KC999860 to
KC999874 (Table 1).
2.5. Analysis by scanning electron microscopy (SEM)
The beans were ﬁxed in Karnovisk's ﬁxative solution and post-ﬁxed
in 10 g/L osmium tetroxide, according to the procedures performed by
Fig. 2. Analysis by scanning electron microscopy of cocoa beans during spontaneous box fermentation in Brazil. (a) Cocoa beans viewed with the naked eye; (b) external surface of
cocoa beans; (c) and (d) cocoa beans after 24 h of fermentation; (e) cocoa beans after 60 h of fermentation; and (f) cocoa beans after 144 h of fermentation. Arrow 1: bacteria.
Arrow 2: yeast, in d and e. Arrows 1 and 2: yeast, in c.
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transferred to 30% glycerol for 30 min and immersed in liquid nitrogen
for subsequent fracture in the metal surface. Then, grains were post-
ﬁxed in 10 g/L osmium tetroxide in phosphate buffer for 1 h at 25 °C
and dehydrated in acetone: 15, 30, 50 and 70%, three times. After
dehydrating, samples were critical-point dried and coated with gold
using a Bal-tec SDC 050 (Capovani Brothers Inc. Scotia, NY, USA). The
preparations were observed using a scanning electron microscope
(LEO EVO 040, Carl Zeiss SMT AG Company, Germany).
3. Results and discussion
As presented in Fig. 1, DGGE proﬁles with a Eukarya-speciﬁc primer
were considerably simpler than their bacterial counterparts. Only two
bands of similar intensity corresponding to the Saccharomyces cerevisiae
and Hanseniaspora sp. yeast species were visible throughout thefermentation process (Fig. 1b). It has been widely reported that
S. cerevisiae and Hanseniaspora spp. are the most abundant species
in cocoa fermentation (Nielsen et al., 2007; Papalexandratou & De
Vuyst, 2011; Pereira et al., 2012). In addition to ethanol production,
the secondary product (by-products) of their metabolism (e.g. organic
acids, aldehydes, ketones, higher alcohols and esters), and their glycosi-
dase production, are likely to be signiﬁcant and should impact bean and
chocolate quality (Ardhana & Fleet, 2003). Previously reported sets of
primers targeting 26S rDNA or others targeting ITS regions found a
broad diversity of yeast during cocoa fermentation, including species
of the Pichia, Candida,Wickerhamomyces, Torulaspora, Yarrowia,Wallemia,
Hyphopichia andMeyerozyma genera (Papalexandratou&DeVuyst, 2011;
Pereira, Magalhães, Almeida, Coelho, & Schwan, 2013). Thus, further
studies are needed to try to overcome the limitation of the PCR-DGGE
technique with 18S rDNA primers selected in this study. An accurate
assessment of the microbial ecology using PCR-DGGE requires
485G.V. de Melo Pereira et al. / Food Research International 53 (2013) 482–486appropriately designed primers, and the use of poorly targeted
primers will skew estimates of the microbial ecology (Pereira et al.,
2012).
DGGE analysis of the ampliﬁed 16S rDNA fragments provided the ﬁn-
gerprint shown in Fig. 1a. Sequencing of puriﬁed 16S rDNA amplicons in-
dicated Lactobacillus plantarum and Lactobacillus fermentum to be the
major bacterial species, as determined by sequencing of themost intense
bands present throughout the fermentation. The dominance of these two
LAB species has often been detected in spontaneously fermented cocoa
beans from other geographical areas (Camu et al., 2007; Nielsen et al.,
2007). In a recent study, L. plantarumwas also detected as the dominating
LAB species during spontaneous box fermentation in Brazil, as deter-
mined by DGGE analysis of V3-16S rRNA gene fragments (Pereira et al.,
2013). The homolactic metabolism of L. plantarum has the ability to
achieve a high cell density within a reasonable fermentation time, and
in contrast to L. fermentum, produces high amounts of lactic acid. Con-
versely, the heterolactic metabolism of L. fermentum can rapidly convert
citric acid and produce nearly equal masses of lactic acid and acetic acid
(Axelsson, 2004). In the former case, L. plantarum contributed to in-
creased acidity, while in the latter, L. fermentum reduced it. However,
according to Carr and Davies (1980) carbohydrate catalysis increases
total acidity of the cocoa more than breakdown of organic acids.
DGGE bands belonging to Acetobacter species, including Acetobacter
tropicalis, Acetobacter senegalensis and Acetobacter malorum –which are
hardly distinguishable because of the high homology of their 16S rDNA
sequences – appeared after 24 h of fermentation. The occurrence of AAB
at this fermentation point agreed with the classic description of these
bacteria in cocoa fermentations. The ethanol produced by yeasts serves
as a substrate for their growth and metabolism to acetic acid and, like-
wise, in vinegar production and beers of the lambic type, AAB play a
positive role and are obviously essential for the process and quality of
the ﬁnal product (Ardhana & Fleet, 2003; Lima et al., 2011; Martens,
Iserentant, & Verachtert, 1997).
Some bands present at the onset of fermentation disappeared
after 24 h; these included bands e1, f1, g1 and h1 corresponding to
Bacillus ﬁrmus, Frateuria aurantia, Bacillus sp. and Tatumella ptyseos,
respectively. The bands belonging to Bacillus licheniformis appeared
at 12, 36, 60 and 144 h into fermentation. The Xanthomonas sp. bacte-
ria were detected at 144 h and four faint bands corresponding to an
uncultivable bacteriumwere detected at 24, 36, and 60 h of fermentation
(Fig. 1a). The appearance of Bacillus spp. and other Gram-negative bacte-
ria species during cocoa bean fermentation is less predictable than that of
other microbial groups. It is tempting to speculate that certain Bacillus
strains and Enterobacteriaceae species might provide beneﬁcial activity
by complementing yeast-mediated pulp depectinization, citric acid
assimilation and gluconic acid production from glucose during the initial
phase of the cocoa bean fermentation process (Papalexandratou,
Vrancken, De Bruyne, Vandamme, & De Vuyst, 2011; Pereira et al., 2013).
Although a large proportion of fermented foods have a solid or semi-
solid structure, several aspects concerning the growth of microorgan-
isms on solid substrates are still poorly understood. SEM has been
extensively used to observe microbial growth in keﬁr grains and
fermented milk (Magalhães, Pereira, Nicolau, et al., 2010; Teggatz &
Morris, 1990). This is the ﬁrst report of SEM being used for following
the microbial distribution during the cocoa bean fermentation process.
SEM showed a well-deﬁned microbial succession that was initially
dominated by lemon-shaped yeast cells growing in close association
with Lactobacillus (long and curved) (24 h of fermentation; Fig. 2c and
d); and subsequently, although yeast cells were still visible, short
bacilli-shaped cells become dominant (60 h of fermentation; Fig. 2e).
At the end of the fermentation process (144 h of fermentation; Fig. 2f),
yeast cellswere no longer observed, and short bacilli become the only vis-
ible cells. This complex yeast–LAB association at the early stages of cocoa
fermentation has been previously discussed (Schwan & Wheals, 2004).
The richness in fermentable carbohydrates and the low oxygen content
of the cocoa mass favored the growth of these microbial groups, whichwere hypothesized to rapidly metabolize reducing sugars and citric acid
and to produce mainly ethanol and lactic acid. In addition, the simulta-
neous growth of both the yeast and the LAB can be explained by addition-
al modes of LAB–yeast interactions. For example, the death and autolysis
of the yeast cells release vitamins and other nutrients, and/or the CO2
produced by the yeast creates microaerophilic conditions, which favor
LAB growth (Pereira et al., 2013).
4. Conclusion
Two culture-independent methods were used to evaluate the mi-
crobial diversity and distribution during cocoa bean box fermentation
in Brazil: PCR-DGGE and SEM. SEM showed the dominance between
LAB and yeast cells in the early stages of fermentation, whereas
PCR-DGGE conﬁrmed S. cerevisiae and Hanseniaspora sp. in the yeast
group; L. fermentum and L. plantarum in the LAB group; and Acetobacter
sp. belonging to the AAB to be the dominant groups. In general, the
nested PCR-DGGE and SEM techniques therefore seem to offer a rela-
tively fast and reliable method in monitoring microbial diversity and
distribution during cocoa fermentation, providing real-time informa-
tion and theory basis for the development of the starter.
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